. A growing area of study, termed eco-evolutionary dynamics, centres on understanding when rapid evolutionary change is a meaningful driver of ecological dynamics in natural ecosystems [6] [7] [8] . Among the most interesting of these dynamics are eco-evolutionary feedbacks, where evolution alters ecological processes and this then shapes the course of subsequent evolution 9, 10 . Empirically evaluating the prevalence and importance of such feedbacks in nature is challenging (but see refs 3, 10 ), but doing so has the potential to provide a more comprehensive and mechanistic understanding of the relationships between ecological processes and the mechanisms driving rapid evolution 7, 8, 11 . More generally, better resolving eco-evolutionary dynamics has great potential to improve our understanding of processes ranging from community assembly to ecological speciation and adaptive radiation. Nonetheless, the number of comprehensive case studies of eco-evolutionary dynamics is modest and new tools are needed to explore these dynamics in a wider range of ecosystems, as well as to strengthen inference from existing work.
In recent years, the study of rapid evolution, one component of the eco-evolutionary dynamic, has benefitted from the increasing availability of genomic sequence data [12] [13] [14] . Genomic data have been used, for example, to demonstrate that while selection on individual loci can be strong 15 , rapid adaptation often occurs through selection on many loci 16 . This information has great potential utility for understanding eco-evolutionary dynamics because rapid trait evolution plays a central role in regulating such dynamics. Particularly relevant is information gleaned from efforts to understand the genomic basis of adaptation, a burgeoning field in evolutionary biology that investigates the specific genomic underpinnings of phenotypic variation, its response to natural selection and effects on fitness 17 . Hence, while the genomics of eco-evolutionary dynamics is, in part, a specific application of broader efforts to understand the genomic basis of changes in functional traits 8, 18 , the relevance of this body of work to answering key questions in the study of ecoevolutionary dynamics has yet to be fully articulated.
Here we identify five major questions in the study of eco-evolutionary dynamics, all of which remain largely unanswered, for which the incorporation of genomic data may facilitate progress ( Fig. 1): (1) How often is evolution fast enough to drive ecological change? (2) How important are the effects of evolution relative to other ecological drivers? (3) Which phenotypes drive eco-evolutionary dynamics? (4) What is the genomic basis of phenotypes with large community-and ecosystem-level effects? (5) How repeatable are eco-evolutionary dynamics? In general, genomic data alone will not be sufficient to address these questions and much of the utility that comes from using genomic tools may currently be feasible only in genetic model systems. However, integrating these data into studies of eco-evolutionary dynamics can provide a better mechanistic understanding of the causes of phenotypic change, help elucidate the mechanisms driving eco-evolutionary dynamics and lead to more accurate evolutionary predictions of eco-evolutionary dynamics in nature (Fig. 2 Recognition that evolution operates on the same timescale as ecological processes has motivated growing interest in eco-evolutionary dynamics. Nonetheless, generating sufficient data to test predictions about eco-evolutionary dynamics has proved challenging, particularly in natural contexts. Here we argue that genomic data can be integrated into the study of eco-evolutionary dynamics in ways that deepen our understanding of the interplay between ecology and evolution. Specifically, we outline five major questions in the study of eco-evolutionary dynamics for which genomic data may provide answers. Although genomic data alone will not be sufficient to resolve these challenges, integrating genomic data can provide a more mechanistic understanding of the causes of phenotypic change, help elucidate the mechanisms driving eco-evolutionary dynamics, and lead to more accurate evolutionary predictions of eco-evolutionary dynamics in nature.
, evolutionary change (that is, heritable change in trait values or trait frequencies) has now been demonstrated to operate on a similar timescale as ecological processes in a large number of cases 2, 5, 20, 21 . Many of the existing studies in eco-evolutionary dynamics have assessed how genetic variation and divergence arising from evolution over decades to centuries alter ecological dynamics [22] [23] [24] [25] . Meanwhile, laboratory-based studies and a growing number of field experiments have demonstrated that evolution occurring over the course of an experiment can impact ecological dynamics. For example, rapid evolution of algal populations in response to differential selection by predatory rotifers can lengthen the population cycle period and shift the relative phasing of predator and prey 1 . Nonetheless, understanding when and how often evolution is fast enough to alter ecological dynamics in nature remains among the greatest uncertainties in the study of eco-evolutionary dynamics.
Until recently, studying evolution in natural populations was restricted to measuring temporal changes or spatial differences in phenotype, tracking the frequency of clones, or measuring changes in breeding values or allele frequencies at a few genetic markers. Measuring rapid evolution of phenotypes remains tremendously useful for the study of eco-evolutionary dynamics, because doing so simultaneously documents the pace of evolution and potentially relevant trait change. Yet, measures of evolution from phenotypic change have limitations. First this approach is typically limited to traits that are straightforward to measure (that is, body size, colouration) 26 , meaning that potentially informative but difficult-to-measure phenotypes, such as those related to physiology or functional morphology, are less frequently chosen for studies on rapid evolution. Second, because a limited number of phenotypes are measured when studying rapid evolution, it is possible (and perhaps even likely) to entirely miss other rapidly evolving traits. Finally, trait shifts in natural environments could stem from plasticity, and thus disentangling the relative importance of environmentally induced and genetic responses requires the use of a common garden to confirm that observed trait shifts are heritable 27, 28 . Although not without limitations, the incorporation of genomic data can help to resolve each of these challenges.
Whole genome data and advances in bioinformatics now allow researchers to search for signatures of natural selection in the genomes of natural populations without a priori knowledge of links between genotype and phenotype. Possible signatures of selection include reduced genetic diversity in the area of the genome where an allele is under selection 29 , distinct patterns in haplotype structure and linkage disequilibrium 30, 31 , as well as variation in allele frequencies along environmental gradients. Direct measurements of allele frequency changes over time have also shown that shifts can occur stunningly fast when standing variation is present 16, 32 . Compared with the tools available just a decade ago, our ability to now use genome-wide data to look for evidence of allele frequency changes expands the scope for detecting rapid evolution because the number of variants measured is tremendous. This could have particular use in cases where eco-evolutionary dynamics are driven by cryptic phenotypic changes 33 . Finally, the simultaneous collection of genomic data from interacting species over time presents the A schematic showing the reciprocal interactions between genomic evolution, phenotypic evolution and ecological dynamics. An eco-evolutionary feedback loop occurs when genomic evolution drives phenotypic evolution, which in turn influences ecological dynamics that feed back to affect phenotypic and genomic evolution. The five questions organizing this paper are displayed in relation to the causal arrow or arrows they investigate. ) and measure the community-level impacts of large-effect genes), sequencing through time (measure the pace of evolution, use of genotype-phenotype linkages to find evolving traits), and combining sequence and population dynamics data for two species interacting over time (measure eco-evolutionary dynamics between two species (at the genetic level)).
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Nature ecology & evolutioN opportunity to track how adaptive changes in one species relate to both ecological and adaptive changes in the other. Understanding which evolutionary mechanism caused or facilitated the rapid evolutionary changes inferred from genomics data nonetheless remains challenging. Genetic drift, gene flow, hybridization (Box 1) and genomic hitchhiking can produce patterns that may look like selection 15, [34] [35] [36] [37] . Reliably detecting selection requires the use of population genetic models, simulations and/or statistical analyses that consider the possibility that non-selective processes produced the observed patterns 15, 29, 34, 38 . Alternatively, using replicated experiments -be they natural or human made -to identify regions of the genome that show signatures of selection in multiple experimental replicates (a very conservative approach in part because the same regions of the genome may not show selection even when selection acts in parallel across replicates) provides a way to confidently detect selection. Finally, although these genomic methods can provide compelling evidence of a heritable response to selection, they are not direct evidence of phenotypic evolution. Quantifying such phenotypic change, as well as the ecological consequences of this evolution, requires other approaches, some of which we will outline in the section 'Which phenotypes drive ecoevolutionary dynamics?' .
Relative importance of evolution on ecological dynamics?
One of the major goals of research on eco-evolutionary dynamics is to understand the relative importance of rapid evolutionary change versus non-evolutionary ecological processes (for example, rainfall) in driving population dynamics, community structure and ecosystem processes 39 . At the most basic level, addressing this question requires simultaneously evaluating the ecological effects of genetic changes (at the population level) or differences (at the individual or population level) and comparing these effects to those of other ecological processes. Experiments that have assessed the effects of preexisting genetic variation between members of diverged lineages have illustrated that adaptation can be a driver of ecological dynamics on par with traditionally explored processes such as predation or population density 24, 40 . This can also be true for evolution occurring over short timescales. A previous study 9 demonstrated that aphid evolution had a similar or stronger impact than a threefold change in initial population density on aphid population dynamics over the course of an experiment. However, experiments of this sort are labour intensive, so the use of observational data to infer the role of evolution in driving ecological dynamics 2 is highly attractive. There is an existing framework for partitioning the variance in population growth rate over time into contributions of ecological versus evolutionary drivers 41, 2, 42 . These evolutionary drivers reflect the influence on population size of temporal changes traits -beak size relative to seed availability in the Darwin's finch system, for example. However, to get a true estimate of the importance of evolution for ecological dynamics on the basis of this method, it is crucial to ensure that the observed trait change is heritable and not simply plasticity, which can prove difficult for many species in nature 41, 42 . Genomics can be useful for resolving this difficulty.
With genomic data, one can estimate the heritability of traits in a natural population without conducting labour-intensive common garden experiments (Box 2). With next-generation sequencing, it is now possible to estimate pairwise relatedness among individuals even in wild populations of non-model organisms 43, 44 . This approach replaces the pedigree-based genetic relationship matrix of a quantitative genetic model with a genomic relationship matrix (GRM) estimated from genetic markers (see Box 2 for details). Estimates of the additive genetic variance (that is, the part of the trait variance due to resemblance between relatives; the numerator in heritability) can provide a measure of evolutionary potential given that an appropriate scaling is used 45 . By coupling trait heritabilities with information on trait change and ecological changes through time it is possible to quantitatively assess the relative importance of rapid evolution in natural populations 41, 46 . Genomics could also be used to evaluate the temporal association between evolution in one species of an interacting pair and evolution in the other. More specifically, genomic sequence data collected through time could be used to track adaptive changes in allele frequency in two species that have a strong ecological interaction. Simultaneously measuring species' abundance and the strength of the interaction between them would allow one to test the association between ecological and evolutionary change in the two species. Although this approach would largely ignore phenotypes, the combined genomic and ecological dataset would allow one to quantify Box 2 | using genomics to estimate heritability Many species that have prominent ecological roles may not be amenable to classic breeding experiments or observational parentage studies that allow for the estimation of the heritability of key traits. However, advances in methods that estimate the relatedness between individuals based on genomic data mean that measuring traits and collecting genome-wide SNP data can now yield a reliable estimate of heritability for a given trait in many species 43, 45, 81 . Specifically, these approaches estimate the heritability by using thousands of markers to produce an estimate of relatedness between individuals (or GRM) and then fitting this matrix to phenotypic data in a mixed model that also includes other potential sources of variation (for example, environmental or time data) 82 . How well the GRM approximates a classical pedigree-based relationship matrix is dependent on the number of markers used, the population size and genome size 43, 83 . GRMbased estimates of heritability can be used to help predict population responses to ecological or environmental changes 84 , or in an eco-evolutionary context when paired with the approach used in ref. 2 , which would be an advance for studies of eco-evolutionary dynamics in the wild.
Box 1 | When the new is old: the importance of old haplotypes in driving rapid evolution
Although evolution operating on contemporary or rapid timescales 8 is foundational to eco-evolutionary dynamics, in some key examples of this process, the genetic variation changing in frequency is quite old. For example, variation at a major effect haplotype for beak size in Darwin's finches is associated with differential survival and rapid trait evolution in the medium ground finch. However, this variation dates to early in the finch radiation and has repeatedly been introduced to new populations and species through hybridization 38 . Similarly, haplotype variation associated with freshwater adaptation in threespine stickleback fish probably long pre-dates the time when most extant populations colonized freshwater 12, 80 . Furthermore, haplotype variation associated with adaptation to different light regimes and rapid speciation in Lake Victoria cichlid fish has been generated by hybridization between two ancient lineages 78 . Hybridization can also play a role in generating the haplotypes that prime populations for rapid evolution (and hence eco-evolutionary dynamics) by bringing together new suites of allopatrically evolved alleles at interacting loci. Recombination can then link these adaptive alleles 47 . These insights into the origin of the genetic variation underlying rapid evolution and eco-evolutionary dynamics are possible only with genomic data and worthy of future study.
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the association between evolutionary change in each of the two species that is specifically correlated with the strength of their interaction. To our knowledge this has not been attempted and it would be best first tried in an experimental setting, where the strength of the interaction between species could be manipulated or replicated, to provide stronger evidence that evolutionary change in each focal species stems from evolution in the other. This approach to studying evolution in real time while also collecting data on ecological dynamics could yield new insight into the relative importance of rapid evolution in shaping ecological interactions.
Which phenotypes drive eco-evolutionary dynamics?
For eco-evolutionary dynamics to operate, phenotypes must evolve quickly and have sizeable ecological effects 7, 11 . Laboratory-based rotifer-algal chemostat experiments have identified evolution in prey-defence phenotypes (for example, algal clumping) 47 , yet many of the field-based eco-evolutionary dynamics experiments do not identify the specific phenotypes responsible for measured ecological effects (but see refs 48, 49 ). This lack of phenotypes in studies of eco-evolutionary dynamics, particularly field studies focused on the ecological effects of evolution, stems in part from a large number of possible relevant phenotypes. Even in cases where numerous phenotypes are measured, it is still difficult to be certain that the most crucial traits have been identified. Overcoming these limitations is important because traits determine the outcome of ecological interactions and ultimately shape communities and ecosystems 50 . Thus, developing a better understanding of the phenotypic basis of eco-evolutionary dynamics may help identify which ecological interactions are key agents of selection, and help predict subsequent evolutionary change. Furthermore, more complete phenotypic information would illuminate whether eco-evolutionary dynamics are driven by evolution in a few or many traits.
Genomic data could be particularly useful for identifying the traits responsible for eco-evolutionary dynamics in genetic model organisms or closely related taxa. A sequenced genome makes it easier to identify genes under selection in an experimental manipulation or time series (as discussed in question (1)). Yet, to relate this information to phenotypes, functional information must be available for the genes under selection. Gene function in model organisms can be investigated using compiled databases (for example, Flybase 51 , The Arabidopsis Information Resource 52 ). Although the functional annotations may not account for the pleiotropic nature of many alleles, they would provide a starting point for exploration that could identify phenotypes that were not considered previously.
More manipulative approaches can also be used to identify the traits driving eco-evolutionary dynamics. With genetic lines that are fixed for a given allele at a previously identified locus, but vary across the rest of the genome, one can follow up on known annotations to explore the effects of an allele on previously identified phenotypes. Allelic replacement techniques (that is, clustered regularly interspaced short palindromic repeats (CRISPR) 53 , near isogenic lines (NILs) 54 and transfer DNA (T-DNA) 55 ) that potentially alter just a single locus within a consistent genomic background would streamline this process. These 'reverse phenotyping' approaches would be most tractable in model systems where producing inbred lines is feasible and where gene functions are more likely to be known. Using lines that have been altered by allelic replacement techniques for field experiments could be technologically challenging and certainly warrants careful ethical consideration. However, for those working in genetic model systems, genomic information could help identify phenotypes that drive eco-evolutionary dynamics 56 .
Genomic basis of phenotypes with large ecological effects?
As is known from numerous studies of the genomic basis of adaptation, the genotype-to-phenotype map can be used to evaluate the nature and complexity of the genomic basis of traits in natural populations 13, 15 . However, relatively few studies comprehensively explore the full genotype-to-phenotype-to-ecology relationship (Fig. 1) by investigating how genes under selection influence communities and ecosystems. In addition, there has been relatively little discussion of exactly how information gleaned from this relationship can inform eco-evolutionary dynamics. As such, we review the methodological developments in genotype-to-phenotype mapping and discuss their relevance to eco-evolutionary dynamics here.
Recent advances in understanding the genetic basis of phenotypic variation, including phenotypes that have large ecological effects 57, 58 , have been made through the use of association mapping and quantitative trait locus mapping (Box 3), which detect statistical associations between genotype and phenotype 59 . In addition to
Box 3 | Advances in sequencing technologies and bioinformatics: new data for eco-evolutionary dynamics
Modern approaches based on reduced representation of the genome such as restriction-site-associated DNA sequencing (RAD 85 ), genotyping by sequencing (GBS 86 ), multiplex shotgun genotyping 87 , and exome capture and sequencing 88 allow for costeffective genotyping of a large number of SNPs across multiple individuals. Current protocols for library preparation are easily transferred across systems and the number of markers obtained on sequencing can be predicted conditional to the genome size (which can be estimated using flow cytometry 89 or read depth in sequenced genomes 90 and sequencing coverage 91 ). Sequencing of pools of individuals (Pool-seq) 92 and low-coverage sequencing of individually barcoded samples 93, 94 provide an increasingly affordable approach for more comprehensively screening the entire genome for variants associated with particular phenotypes or genes responding to selection pressures 95 . Sequencing technologies that produce drastically longer individual sequence reads, reducing the bioinformatic challenges and increasing the quality of the genome assembly considerably, have become more common 96, 97 . These sequencing technologies, and other yet unknown advances, will greatly reduce the costs and effort associated with obtaining well-assembled genomes in non-model systems.
Bioinformatic approaches to making inferences from genomic data are likewise advancing at a tremendous rate. Bioinformatic processing of reduced-representation genomic data does not require the availability of a reference genome, which can be replaced by a local de novo assembly of reference contigs produced from the sequencing reads of samples. For example, bioinformatic processing of RAD data can make use of analytical tools developed for more general handling of genomic data, and can largely be customized by the operator. In addition, a number of comprehensive packages have been produced that allow the processing of RAD data with minimal knowledge of bioinformatics, and render the technique accessible to a broad audience of biologists [98] [99] [100] . Advances have also been made for those choosing to sequence whole genomes. Emerging approaches that use haplotype information from deep-sequenced genetic lines could allow for accurate estimates of allele frequency when sequencing at low coverages in subsequent work. Advances in sequencing technologies are relevant to eco-evolutionary dynamics as they make it easier and cheaper to measure the pace of evolution (question (1)), estimate heritabilities (Box 2), carry out association studies using genomic data (question (3)) and provide the data for deeper questions about the evolutionary change that occurs in eco-evolutionary dynamics (Box 1 and question (4)).
PersPective Nature ecology & evolutioN looking for loci correlated with variation in ecologically relevant traits, studies in ecological genomics have used the same tools to directly measure associations between genetic variation and community-or ecosystem-level variation (that is, using community or ecosystem variation as a phenotype) 60, 61 . The amount of information that can be gleaned from association-based approaches depends in part on what other data are available. In cases where there is no linkage map or reference genome, association-based approaches can provide basic information about the total number of markers associated with an ecologically relevant phenotype. When combined with a linkage map, the same association approaches could detail how many or what proportion of physically independent loci are associated with a given phenotype and their respective contribution to the total phenotypic variance explained. With an assembled, well-annotated and physically anchored genome, we can additionally obtain a list of candidate genes that may influence the phenotype of interest.
For investigations of eco-evolutionary dynamics, there is limited utility to lists of loci associated with particular phenotypes alone. An exception is cases where single genomic regions can have large effects on phenotypes and can lead to changes in ecological interactions and ecosystem functions 62, 63 . Using inbred lines or allelic replacement technologies, or directly sequencing and removing variation at these specific loci, could allow for the explicit investigation of the importance of evolution from standing genetic variation at a single locus in driving eco-evolutionary dynamics. These experiments may be most tractable in well-studied genetic model systems, but they could provide a unique mechanistic view of ecoevolutionary dynamics in systems where variation in a single gene has large phenotypic and ecological effects. However, in the vast majority of cases ecologically important phenotypes will almost certainly be controlled by many genes [64] [65] [66] , and many phenotypes may drive ecological dynamics 64, 67 . These considerations potentially reduce the value of identifying the effects of particular genetic variants, as the individual effects of a single locus on a phenotype (or extended phenotype 60 ) would be quite small 64 . The genes underlying ecologically important phenotypes may instead be most useful for answering questions about the extent to which the genomic basis of traits is predictable and for identifying genetic constraints to adaptation, as developed in the next section.
How repeatable are eco-evolutionary dynamics?
Although case studies of eco-evolutionary dynamics continue to accumulate 8 , an open question is whether these dynamics function in a repeatable manner through time or across space. In principle, repeatable eco-evolutionary dynamics require both the evolutionary shifts in phenotypes and the ecological consequences that stem from those shifts to be repeatable. As explained in the previous section, the direct utility of genomic data in studying the ecological consequences of phenotypic change is limited and thus we explore how genomic data may contribute to our understanding of the repeatability of evolution, both at the level of individual genetic polymorphisms and at higher levels, in the context of eco-evolutionary dynamics.
Genomic data allow researchers to ask if repeated eco-evolutionary dynamics rely on consistent genomic changes within each interacting species. An alternative scenario is one where repeated dynamics simply require consistent phenotypic changes that can be achieved through various genomic changes. If the former is true and the dynamic relies on a specific genetic variant, this implies that the extent of standing genetic variation, gene flow, or possibly the mutation rate will strongly dictate when eco-evolutionary dynamics occur (even more so if the dynamic relies on a haplotype with multiple linked variants). If, alternatively, an eco-evolutionary dynamic can occur through various genomic changes, then repeated ecoevolutionary dynamics might be expected in small, genetically depauperate populations as well as their larger counterparts. Thus, by identifying the genomic basis of traits involved in eco-evolutionary changes, we gain insight into whether these dynamics are robust or dependent on evolutionary contingency.
Although cases of repeated phenotypic evolution have been used as model systems to study eco-evolutionary dynamics 22, 24, 25, [68] [69] [70] , we currently have few data on the tendency of eco-evolutionary dynamics to involve repeated evolutionary changes at the same loci. So far, the only genomic information obtained during a complete eco-evolutionary feedback loop comes a previous study 4 in which the authors, studying a rotifer-algae system, found that evolutionary shifts in a defence trait were associated with expression changes in completely different sets of genes in two consecutive predatorprey cycles in a replicated chemostat environment. This suggests that multiple bouts of experimentally controlled selection pressure resulted in similar phenotypic change through completely different genomic mechanisms. The extent of parallelism at the gene level may depend on whether adaptation occurs from de novo mutation (low parallelism [71] [72] [73] [74] ) or shared standing genetic variation (greater parallelism 74, 75 ). At the level of a whole gene or at higher functional categories, parallelism is expected to be more common 71, 74, 76, 77 . Eco-evolutionary experiments that assess parallelism on a range of genomic scales, from the single nucleotide polymorphism (SNP) to the pathway level, would be tremendously useful in providing genomic insights on the potential repeatability of eco-evolutionary dynamics.
If eco-evolutionary dynamics were found to rely on the presence of specific genetic variants or the co-occurrence of multiple genetic variants in linkage disequilibrium in the focal population, it would be tempting to conclude that these dynamics are fragile or contingent on evolutionary history. Yet, this is not necessarily correct. For example, the required genetic variants may be of ancient origin in the evolving population (Box 1) and maintained through balancing selection. In other cases, the selectively favoured variants may be fixed in individual populations with variation maintained across populations or even species and be 're-suspended' through gene flow within the broader population or species network 78, 79 , leading to repeated eco-evolutionary dynamics when ecological conditions are similar. Both of these scenarios are testable with population genomic techniques and demographic modelling. On the whole, genomic data could provide a metric of the repeatability of the evolutionary component of eco-evolutionary dynamics, insight into the origin of genomic variants that underlie variation in salient phenotypes and a better resolved mechanistic basis for eco-evolutionary change, each of which would advance our understanding of the repeatability of eco-evolutionary dynamics.
Conclusion
Although our understanding of eco-evolutionary dynamics continues to progress, the field remains dominated by review papers and a small number of well-resolved examples. Building a predictive understanding of when and how eco-evolutionary mechanisms operate in nature is still a distant goal. Clearly, genomic data provide only part of what is necessary to advance this understanding, and a number of the most powerful inferences that can be made from genomic data are currently constrained to a small subset of nature. Major advances in our understanding of eco-evolutionary dynamics will still rely on experiments and observational data.
Nonetheless, given the central role of rapid evolution in driving eco-evolutionary dynamics, a true mechanistic understanding of these dynamics is likely to require genomic data. As we have argued here, genomic tools can play key roles in efforts to evaluate the rate of evolutionary change, the traits under selection, the evolutionary history of relevant trait variation and the genomic basis of these traits. These tools thereby help reveal the natural history of rapid evolutionary change in ecologically important species traits. Only PersPective Nature ecology & evolutioN once this natural history is better resolved across a wide range of systems will ecologists and evolutionary biologists be best positioned to advance a predictive understanding of eco-evolutionary dynamics.
